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ABSTRACT 


The  use  of  fiber  optics  to  simplify  the  design  of  free-space  laser  communication  systems  is  explored. 
The  potential  advantages  of  fiber  optics  within  free-space  optical  communication  systems  are  not  widely 
recognized.  The  current  generation  of  spacebome  optical  communication  systems  relies  on  the  use  of  bulk 
optics  rigidly  mounted  to  an  optical  bench  to  get  light  from  the  optical  sources  to  the  exit  aperture  or  from 
the  entrance  aperture  to  the  optical  receiver!  These  designs  are  all  very  sensitive  to  thermal  and  mechanical 
perturbations  as  well  as  to  the  detailed  dynamic  characteristics  of  the  host  spacecraft.  Optical  fibers  can 
provide  the  means  to  remotely  locate  the  transmitter  lasers,  local  oscillator  (LO)  lasers  (in  the  case  of  a 
coherent  system),  and  the  receiver  from  the  front-end  optics.  This  allows  flexibility  in  the  mechanical  design 
which  can  reduce  the  size,  weight,  and  stability  requirements  of  the  overall  system. 


This  paper  presents  an  overview  of  a  fiber-based  free-space  lasercom  system  and  contrasts  this  proposed 
technology  to  the  present  technology.  Detailed  design  considerations  concerning  the  issues  of  pointing, 
tracking,  and  receiver  communication  performance  are  presented.  Other  key  areas  such  as  efficient  source- 
to-fiber  coupling,  isolation,  transmitter  power  limitations,  and  acquisition  are  highlighted.  Preliminary 
experimental  results  of  our  breadboard  fiber-based  coherent  optical  communication  system  are  also 
presented. 
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1.  INTRODUCTION 


The  advantages  of  fiber  optics  in  ground-based  communication  systems  are  widely  recognized; 
however,  the  utility  of  fiber  optics  within  free-space  optical  communication  systems  is  not.  Although  there 
has  been  some  discussion  of  fiber  optics  within  free-space  lasercom  systems  [  1 ,21,  most  designs  do  not  utilize 
fiber  optics  at  all  [3-10],  The  current  generation  of  spacebome  optical  communication  systems  relies  on  the 
use  of  bulk  optics,  such  as  mirrors  and  lenses,  rigidly  mounted  to  an  optical  bench  to  get  light  from  the  optical 
sources  to  the  exit  aperture  or  from  the  entrance  aperture  to  the  optical  receiver.  These  designs  are  all  very' 
sensitive  to  thermal  and  mechanical  perturbations  as  well  as  to  the  detailed  dynamic  characteristics  of  the  host 
spacecraft  [3].  Optical  fibers  can  provide  the  means  to  remotely  locate  the  transmitter  lasers,  local  oscillator 
(LO)  lasers  (in  the  case  of  a  coherent  system),  and  the  receiver  from  the  front-end  optics.  This  allows 
flexibility  in  the  mechanical  design  which  can  reduce  the  size,  weight,  and  stability  requirements  of  the 
optical  module. 

There  are  several  key  issues  that  must  be  addressed  in  successfully  utilizing  fiber  optics  in  a  space-based 
lasercom  package.  Among  these  are  efficient  source-to-fiber  coupling  (with  low  feedback),  efficient 
telescope-to-receiver  coupling,  and  dynamic  pointing  and  tracking.  This  paper  focuses  mainly  on  the  issues 
of  pointing,  tracking,  and  receiver  communication  performance.  The  design  of  a  fiber-coupled  transmitter 
module  will  be  presented  at  a  later  time.  Preliminary  experimental  results  of  our  breadboard  fiber-based 
lasercom  system  are  presented. 

We  assume  the  use  of  a  coherent  lasercom  system,  although  the  results  are  directly  applicable  to  a  direct 
detection  system.  Section  2  contains  an  overview  of  a  fiber-based  lasercom  system.  Section  3  discusses 
theoretical  and  experimental  results  on  the  communication,  tracking,  and  acquisition  subsystems.  Section 
4  discusses  aspects  of  the  transmitter  subsystem  as  well  as  our  breadboard  fiber-based  lasercom  system. 
Section  5  contains  a  conclusion  and  discussion. 
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2.  SYSTEM  OVERVIEW 


Figure  2-1  shows  a  strawman  optical  prescription.  One  obvious  difference  between  the  Fiber-based 
system  and  the  conventional  approach  is  the  remotely  located  transmitter  and  receiver.  Although  it  is  not 
necessary  to  remotely  locate  these  items,  this  important  feature  allows  for  a  number  of  advantages.  It  reduces 
the  number  of  optical  elements,  servo  mechanisms,  and  thermal/mechanical  interfaces.  For  instance,  relay 
lens  groups  are  no  longer  required  between  the  transmitter  module  and  the  fast  steering  mirror,  and  thermal 
and  mechanical  disturbances  causing  flexing  between  the  transmitter,  receiver,  and  diplexer  no  longer  affect 
pointing  and  tracking  performance  [7]. 


As  in  a  conventional  optical  receiver,  the  incoming  circularly  polarized  light  is  collected  using  an  optical 
telescope.  To  allow  for  coarse  pointing,  a  gimballed  telescope  or  a  fixed  telescope  and  a  gimballed  flat  can 
be  used.  In  some  instances  a  gimballed  telescope  allows  for  lower  weight  and  is  shown  here.  To  prevent 
pupil-walk  relay  optics  are  used  to  image  the  entrance  pupil  onto  a  fast  steering  mirror.  The  fast  steering 
mirror  is  a  key  element  within  the  spatial  tracking  system  and  is  used  to  correct  for  high  frequency  platform 
disturbances.  This  high  bandwidth  loop  is  nested  inside  a  low  bandwidth  loop,  containing  the  gimballed 
telescope,  which  prevents  the  fast  steering  mirror  from  saturating  and  minimizes  off-axis  operation  (and  the 
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associated  optical  aberrations)  of  the  telescope.  A  X/4  waveplate  converts  the  incoming  circular  polarization 
to  linear  which  can  then  be  separated  from  the  transmitted  beam  via  the  polarization  diplexer.  Prior  to  the 
start  of  communication  the  spatial  uncertainty  region  must  be  searched  for  the  transmitting  satellite.  To 
accomplish  this  task  a  charge-coupled  device  (CCD)  performs  a  parallel  search  for  the  transmitter. 
Simultaneously  the  uncertainty  region  is  illuminated  by  turning  on  a  separate  beacon  laser  or  by  switching 
the  transmitter  laser  to  a  spoiled  beam  mode  (3, 7],  The  choice  of  whether  or  not  to  use  a  separate  beacon  laser 
is  dependent  on  the  sensitivity  to  scatter  light  from  the  transmitter  into  the  CCD.  For  some  systems  the  optical 
isolation  of  the  polarization  diplexer  alone  may  not  be  sufficient.  For  this  and  other  reasons,  it  may  be 
beneficial  to  have  two  separate  transmitters  (a  beacon  and  a  communication  transmitter).  The  beacon  laser 
frequency  is  separated  from  the  normal  communication  laser  in  order  to  allow  an  interference  filter  to  achieve 
additional  isolation.  If  a  high  degree  of  transmit/receive  optical  isolation  is  not  required  then  one  transmitter 
laser  and  a  flip  mirror  instead  of  an  interference  filter  could  be  used.  Once  acquisition  is  complete  the  com¬ 
munication  signal  will  be  directed  to  the  communication  receiver.  The  received  signal  is  focused  directly  onto 
an  active  fiber  coupler  containing  the  receiver  single-mode  fiber.  Using  standard  nutation  tracking 
techniques,  the  coupler  can  provide  both  tracking  and  communication  information.  For  coherent  systems  the 
polarization-preserving  fiber  is  an  attractive  approach  to  maintaining  proper  mode  matching  with  the 
subsequent  LO  field.  The  transmitter  is  coupled  via  a  polarization-preserving  single-mode  fiber  to  the 
transmitter  coupler  which  is  mounted  on  the  optical  bench.  The  fiber  output  is  collimated  and  combined  with 
the  receive  signal  in  the  polarization  diplexer.  To  accomplish  the  boresight  and  point-ahead  functions,  the 
transmitter  coupler  has  the  ability  to  accurately  offset  the  position  of  the  fiber  in  the  focal  plane. 
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3.  NUTATING  FIBER  RECEIVER 


3.1  OVERVIEW 

One  of  the  most  important  features  in  space-based  lasercom  systems  is  the  need  for  a  high  precision, 
high  bandwidth,  large  dynamic  range  spatial  tracking  system.  Many  papers  have  been  written  on  the  design 
and  performance  of  such  systems  [7-10].  The  system  proposed  here  is  unique  in  that  it  uses  a  high  bandwidth 
nutation  fiber  as  an  angle  error  sensor.  The  basic  concept  is  shown  in  Figure  3-1.  In  this  section  we  will 
describe  the  design  and  performance  of  such  a  system. 


TELESCOPE 


Figure  3-1 .  Nutating  fiber  receiver. 
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The  active  fiber  coupler  can  be  used  as  a  tracking  error  sensor  by  employing  standard  nutation 
techniques.  The  key  feature  of  such  a  system  is  the  small  circular  scan  of  the  end  of  the  optical  fiber  which 
is  located  in  the  focal  plane  of  the  optical  system.  As  seen  in  Figure  3-2.  if  the  received  beam  is  accurately 
tracked  the  fiber  tip  is  scanned  around  a  constant  power  contour  of  the  coupling  profile.  If  the  received  beam 
is  not  accurately  tracked,  the  angular  offset  will  result  in  a  displacement  from  the  center  of  the  coupling 
profile.  The  resulting  periodic  change  in  coupled  power  as  the  fiber  tip  is  scanned  contains  the  tracking 
information.  Figure  3-3  illustrates  one  example  of  how  relatively  simple  electronics  can  be  used  to  derive 
estimates  of  the  tracking  error.  The  tracking  error  estimates  are  proportional  to  the  derivative  of  the  coupling 
profile  and  are  extracted  by  synchronously  detecting  the  i.f.  power.  These  estimates  are  then  fed  back  to  the 
FSM  to  correct  for  the  error.  Potentially  the  need  for  the  fast  steering  mirror  can  be  eliminated  by  feeding 
back  directly  to  the  active  fiber  coupler.  There  are,  however,  two  reasons  for  including  it.  First,  it  increases 
dynamic  range.  Second,  the  point-ahead  and  boresight  requirements  for  free-space  communication  systems 
are  more  easily  implemented  by  combining  the  transmit  and  receive  beams  (with  the  appropriate  angular 
offset)  after  the  fast  steering  mirror  has  tracked  out  the  platform  disturbances. 


BEAM 


Figure  3-2.  Fiber  coupling  profile. 
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Figure  3-3.  Tracking  system  diagram. 


3.2  COMMUNICATION  PERFORMANCE 

We  will  now  analyze  the  communication  performance  of  a  nutating  fiber  receiver.  A  simplified  analysis 
will  determine  the  average  communication  signal  power  loss  as  a  function  of  nutation  depth  and  relative 
signal  beam  diameter.  The  more  exact  analysis  of  determining  the  effect  on  communication  bit-error-rate 
remains  to  be  completed  [11],  Assuming  small  spatial  tracking  errors,  that  the  received  signal  is  a  plane  wave, 
and  that  the  fiber  mode  profile  is  Gaussian  [12-14],  the  average  communication  signal  power  loss  (derived 
in  the  appendix)  is  given  by  the  square  of  m(cj>),  where 

l 

m(<|>)  =  JlFs  Jdx  x  exp[  -(|V  ]  JQ(  ) 

0  d 


7 


a 


Xf 

KOf 


where  P  is  the  total  received  signal  power,  d  is  the  signal  field  diameter,  6  is  the  nutation  depth,  cr  is  the 
equivalent  1/e  amplitude  radius  of  the  fiber  mode  profile  after  transformation  by  the  focusing  lens,  X  is  the 
signal  wavelength,  f  is  the  focusing  lens  focal  length,  and  crf  is  the  fiber  1/e  amplitude  radius. 

The  maximum  signal  power  that  can  be  coupled  into  the  optical  fiber  is  limited  due  to  the  spatial 
dissimilarity  of  the  plane  wave  (or  equivalently  the  Airy  disc)  and  Gaussian  profiles.  Figure  3-4  shows  the 
loss  in  communication  performance  as  a  function  of  d/a  and  4>.  In  this  and  subsequent  plots  <j>  has  been 
normalized  by  the  full-width-half-maximum  beamwidth  (BW).  Note  that  1  BW  is  approximately  equal  to 
X/d.  Loss  is  defined  as  the  increase  in  signal  power  that  is  required  to  achieve  optimal  performance.  A 
minimum  communication  loss  of  0.9  dB  occurs  at  4>  =  0  and  d/a  =  2.2.  This  is  the  fundamental  loss  to  the 
mode  mismatch.  As  shown  in  the  figure,  the  dither  signal  imposed  on  the  fiber  tip  adds  additional  loss.  Note 
that  for  c}>  <  0.5  BW  the  optimum  d/a  remains  ~2.2. 


Figure  3-4.  Communication  channel  loss  vs  relative  signal  beam  diameter  and  nutation  depth 
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There  area  number  of  additional  losses  to  be  considered  in  an  actual  nutating  fiber  receiver.  Ta¬ 
ble  3-1  contains  a  strawman  receiver  loss  budget.  This  table  is  based  on  experimental  measurements  and 
detailed  experience  obtained  from  the  LITE  program  [3,7].  The  telescope  obscuration  loss  is  calculated  as 
in  [  1 5- 1 7] .  The  bulk  optical  throughput  loss  includes  effects  of  scattering  and  absorption  from  the  telescope 
entrance  aperture  to  the  focusing  lens  on  the  receiver  fiber  coupler.  The  calculated  loss  is  derived  from  data 
used  in  the  LITE  study.  A  worst-case  polarization  error  of  30  deg  ( 15  deg  for  transmit  and  receive)  is  assumed 
and  is  also  a  result  of  the  LITE  study.  It  represents  the  power  that  is  lost  at  the  diplexer  due  to  elliptical  rather 
than  circular  polarization  incident  on  the  A./4  waveplate.  The  effect  of  received  signal  phase  distortion  is 
calculated  as  a  Strehl  ratio.  Note  that  the  LO  phase-front  distortion  does  not  contribute  to  mode  matching 
loss  as  in  a  conventional  heterodyne  receiver  [18],  The  receiver  pupil-walk  is  an  allocated  number  that  can 
be  met  with  straightforward  FSM  and  relay-lens  design.  The  free-space-to-fiber  coupling  and  nutation  loss 
were  previously  described.  The  3-dB  fiber  coupler,  Fresnel  reflection,  attenuation,  and  fiber  extinction  ratio 
are  all  within  the  present  capabilities  of  optical  fibers.  Note  that  the  effects  of  radiation  on  fiber  attenuation 
has  not  been  taken  into  account. 

The  loss  of  the  fiber-based  receiver  (5.8  dB)  compares  well  with  the  loss  calculated  from  the  preliminary 
LITE  heterodyne  receiver  design  (5.2  dB)  which  used  a  bulk  optics  approach. 


TABLE  3-1 

Strawman  Receiver  Power  Loss  Budget 


Telescope  Obscuration  (15%  Central  +  10%  Spiders) 

-0.1 

Bulk  Optical  Throughput 

-1.1 

Polarization  Error  (XMTR  +  RCVR  =  30  °) 

-0.1 

Received  Signal  Phase  Distortion  (\J  15) 

-0.8 

LO  Phase  Distortion 

-0.0 

Receiver  Pupil-Walk 

-0.1 

Free-Space-to-Fiber  Coupling  (d/cr  =  2.2) 

-0.9 

Nutation  Loss  (<1>  =  0.36  BW) 

-1.1 

3-dB  Fiber  Coupler  Loss 

-0.2 

Reflection  from  AR-Coated  Fiber  Facets  (each  98%) 

-0.2 

Attenuation  in  Fiber 

~0.0 

Fiber  Polarization  Extinction  Ratio  ( 1 5  dB  for  LO  and  Sig) 

-0.3 

Quantum  Efficiency 

-1.0 

Total 

-5.8  dB 

3.3  NOISE  EQUIVALENT  SPECTRAL  DENSITY 


As  shown  in  Equation  ( 1 ),  the  two  main  components  of  the  system  tracking  error  present  in  each  angular 
axis  are  the  uncompensated  tracking  error  )  and  the  noise  induced  tracking  error  or  noise  equivalent  angle 
(NEA)  [8].  In  this  section  we  will  discuss  the  NEA  and  in  section  3.5  the  uncompensated  tracking  error  will 
be  discussed. 


(^.  =  (7^  +  NEA2  ( 1 ) 

This  single-axis  NEA  is  related  to  the  (single-sided)  noise  equivalent  spectral  density  (NESD)  and  the 
noise  equivalent  bandwidth  (NEB)  of  the  tracking  loop  by  [8] 


NEA  =  V  NESD  NEB 


A  simplified  analysis  will  determine  the  NESD  as  a  function  of  nutation  depth  and  relative  signal  beam 
diameter.  Under  the  same  assumptions  described  in  section  3.2  and  in  addition  assuming  the  tracking 
information  is  derived  by  non-coherent  (square-law)  detection  of  the  i.f.  heterodyne  signal  and  subsequent 
synchronous  demodulation  of  the  nutation  signals  (see  Figure  3-3).  the  NESD  of  the  tracking  system  is  given 
by  (derived  in  the  appendix) 


NESD  = - — —  [  1  +1— 

tiK(0)  2  r\m(<t)) 

hv  hv 


k  Jdx  x2  exp[  *(^)2]  J ,  (^-) 

0  7T 

K<*)= - r - - 

d 

where  W  is  the  noise  bandwidth  of  the  i.f.  filter  preceding  the  square-law  detector,  h  is  Planck’s  constant,  v 
is  the  optical  frequency,  and  t|  is  the  detector  quantum  efficiency.  It  can  be  shown  that  the  term  in  brackets 
is  a  penalty  due  to  non-coherent  detection  of  the  heterodyne  i.f.  frequency  and  thus  the  result  for  coherent 
detection  is  obtained  by  setting  W  =  0.  The  second  term  inside  the  square  brackets  can  be  interpreted  as  the 
i.f.  signal -to-noise  ratio  (SNR).  Therefore  for  large  SNR  the  rms  noise  performance  is  equivalent  to  the  case 
where  coherent  detection  is  used. 

In  order  to  analyze  tracking  performance  the  NESD  for  the  nutating  fiber  receiver  will  be  compared  to 
the  NESD  bound  derived  in  [9].  This  bound,  which  will  be  used  when  SNR»1,  is  given  by 

NESDh  SNR»1  (2) 

hv  4  (k)2 

d' 
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For  low  SNR«  1 ,  the  comparison  will  be  made  (somewhat  arbitrarily)  assuming  the  above  bound  is  achieved 
with  an  additional  loss  due  to  non-coherent  detection,  i.e., 

NES^^±r[1+^r’  SNR<<1 

hv  4  (2d2  hv 

V 

For  large  SNR»1  the  tracking  performance  is  dependent  on  K(<|))2;  for  SNR«1  the  tracking 
performance  is  dependent  on  m(4>)K(4>).  Figures  3-5  and  3-6  show  the  relative  tracking  performance  loss 
(with  respect  to  the  bounds)  as  a  function  of  d/cr  and  d>  for  a  plane  wave  signal.  These  losses  are  also 
interpreted  as  the  increase  in  signal  power  that  is  required  to  achieve  the  performance  bound.  For  SNR»1 
minimum  tracking  loss  of  7.9  dB  occurs  at  =  0.78  BW  and  d/cr  =  1 .92.  Note  that  below  <{>  =  0.8  the  optimum 
d/a  remains  near  1 .84.  While  for  SNR«  1  the  minimum  tracking  loss  of  6.3  dB  occurs  at  <t>  =  0.52  B  W  and 
d/a  =  2.08. 


RELATIVE  SIGNAL  BEAM  DIAMETER 


Figure  3-5.  Tracking  channel  loss  vs  relative  signal  beam  diameter  and  nutation  depth  (SNR>>11 
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Figure  3-6.  Tracking  channel  loss  vs  relative  signal  beam  diameter  and  nutation  depth  (SNR«l ). 


In  the  interest  of  minimizing  communication  performance  loss  (loss  <  2  dB)  the  best  tracking 
performance  is  obtained  at  ~d/cr  =  2.2.  Figure  3-7  shows  the  resulting  communication  and  tracking  losses 
as  a  function  of  nutation  depth.  In  subsequent  analyses  we  will  assume  a  nutation  depth  of  0.36  BW  which 
results  in  m(0.36)  =  0.792  (communication  loss  of  2  dB)  and  K(0.36)  =  0.413. 

We  will  now  calculate  the  required  signal  power  to  achieve  acceptable  tracking  performance.  T ypically 
optical  systems  require  angular  stabilization  to  a  fraction  of  an  antenna  beamwidth  [7,11].  To  achieve 
sufficient  rejection  of  typical  spacecraft  platform  disturbances,  an  open-loop  crossover  frequency  of  ~1  kHz 
is  required.  (The  corresponding  closed-loop  NEB  is  -  3.5  kHz.)  In  this  paper  we  will  assume  an  NEA  of 
0.05  BW  per  angular  axis  rms  tracking  error  is  acceptable.  Figure  3-8  shows  the  signal  power  required  to 
achieve  an  NEA  of  0.05  BW  for  an  ideal  optical  receiver  (no  implementation  losses).  An  additional  loss  of 
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~  3.8  dB  would  be  encountered  in  an  actual  system  (see  T able  3- 1  entries  minus  free-space-to-fiber  coupling 
and  nutation  losses).  The  figure  contains  the  performance  for  the  expected  mode  of  non-coherent  detection. 
In  addition,  the  coherent  detection  (SNR»1)  and  tracking  bound  [Equation  (2)]  are  included  for  compari¬ 
son.  Table  3-2  lists  the  parameters  assumed  in  the  calculation.  A  signal  power  of  2.9  x  108  p/s  is  required 
to  meet  a  0.05  BW  NEA  per  angular  axis. 


Figure  3-7.  Communication  and  tracking  loss  vs  nutation  depth. 
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RECEIVED  SIGNAL  POWER  (Photon/s) 


Figure  3-8.  NEA  vs  signal  power. 


TABLE  3-2 

Tracking  System  Parameters 


X 

Signal  Wavelength 

0.86  p.m 

<J) 

Nutation  Depth 

0.36  BW 

m(4>) 

Comm  Coupling  Coefficient 

0.792 

K(<t>) 

Tracking  Discriminator  Gain 

0.413  BW'1 

fo 

Open-Loop  Crossover  Frequency 

1000  Hz 

NEB 

Tracking  Loop  Noise  Equivalent  Bandwidth 

3500  Hz 

W 

I.F.  Predetection  Noise  Bandwidth 

1.3  GHz 

T| 

Quantum  Efficiency 

0.8 

Required  Signal  Power  for  0.05  BW  NEA  (Ideal) 

1.2x10s  p/s 

Required  Signal  Power  for  0.05  BW  NEA  (Strawman) 

2.9x10®  p/S 
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3.4  RESONANT  FIBER  COUPLER 


One  of  the  key  elements  in  the  nutating  fiber  receiver  is  the  active  fiber  coupler.  Nutating  fiber  devices 
have  been  built  before  [19].  However,  there  are  some  unique  requirements  for  a  space-based  system.  As 
previously  mentioned,  typical  spacecraft  platforms  dictate  that  the  spatial  tracking  system  have  an  open-loop 
crossover  frequency  of  ~  1  kHz.  To  support  this  bandwidth  requires  a  nutation  frequency  of  -  10  kHz.  As 
discussed  in  section  3.3  a  nutation  depth  of  ~  0.36  BW  is  desirable.  Assuming  single-mode  0.86- p.m  step- 
index  fiber  with  a  core  radius  of  2.5  gm  and  a  V-numberof2,  then  the  1/e  amplitude  radius  is  a(  =  3.175  p.m. 
Assuming  d/a  =  2.2,  then  ±  0.36  BW  corresponds  to  ±  0.36  (tt/2.2)  af  =  ±  1.6  gm  of  required  dynamic 
range  [12-13].  In  addition  to  these  requirements  are  the  usual  requirements  for  space  systems:  small, 
lightweight,  rugged,  stable,  low  power,  etc. 

One  of  the  important  elements  within  the  active  fiber  coupler  are  the  actuators.  One  candidate  is  a 
piezoelectric  translator  (PZT).  However,  PZTs  require  high  voltage  drives  (150  to  1000  V)  and  have 
reliability  considerations.  A  more  attractive  alternative  is  to  use  a  linear  electromagnetic  “voice  coil" 
actuator.  These  are  inexpensive,  small,  and  can  be  driven  from  standard  analog  components  and  supplies. 
However,  most  voice  coil  actuators  do  not  have  enough  force  to  move  their  own  mass  the  required  few 
micrometers  at  these  high  speeds.  To  circumvent  this  limitation  we  have  developed  a  resonant  fiber  coupler. 

An  earlier  version  of  this  device  is  depicted  in  Figure  3-9.  Two  orthogonally  mounted  moving  voice 
coils  are  mounted  on  a  mechanical  flexure.  A  microcapillary  holding  the  optical  fiber  is  mounted  inside  the 
center  of  the  flexure.  The  flexure  is  designed  so  that  after  the  loading  of  the  actuator  coils  its  resonant 
frequency  is  at  the  desired  nutation  frequency.  By  driving  the  flexure  at  its  resonance  there  is  a  large 
mechanical  advantage  limited  only  by  the  residual  mechanical  damping.  Figure  3-10  shows  some  results 
from  an  early  prototype.  Note  that  over  30  dB  of  gain  is  obtained.  The  maximum  dc  range  of  the  present 
design  is  ~  ±  60  nm  which  would  result  in  over  2  gm  of  motion  when  driven  at  the  resonant  frequency  of 
~  9  kHz.  More  recently  a  resonant  fiber  coupler  has  been  fabricated  with  a  resonant  frequency  of  ~13  kHz. 

Two  “eddy  current”  sensors  are  mounted  apposed  to  the  actuators  to  provide  positioning  information. 
Each  is  mounted  to  view  the  side  of  the  flexure  that  is  opposite  each  actuator.  The  main  purpose  of  these 
sensors  is  to  ensure  accurate  demodulation  of  the  i.f.  signals  that  contain  tracking  errors.  In  addition,  these 
position  sensor  signals  can  be  fed  back  to  an  active  dither  generator  which  will  ensure  that  the  drive  signals 
track  the  resonant  frequency  of  the  flexure,  the  proper  nutation  depth  is  achieved,  and  the  scan  is  circular. 

The  resulting  design  for  the  resonant  fiber  coupler  meets  most  of  the  requirements  for  our  application. 
It  is  simple,  small,  lightweight,  and  rugged.  When  the  nutating  fiber  receiver  is  compared  to  the  more 
conventional  bulk  optics  approach,  it  becomes  clear  that  the  resonant  fiber  coupler  replaces  many  times  with 
size  and  weight  in  equivalent  bulk  optics.  We  are  presently  working  on  an  improved  design  to  further  reduce 
the  weight  as  well  as  increase  the  range,  resonant  frequency,  and  reliability  for  space  use. 
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3.5  TRACKING  LOOP  REJECTION 


The  uncompensated  tracking  error  is  governed  by  the  tracking  loop  rejection,  R(f),  and  the  angular 
disturbances  spectrum,  Se(f),  as  shown  in  Equation  (3)  [8] 

oo 

=  Jl  R(f)  I2  S0(f)  df  (3) 

-oo 

The  rejection  is  related  to  the  closed-loop  transfer  function,  H(f),  by 

R(f)  =  1  -  H(f) 

The  test  setup  shown  in  Figure  3- 1 1  was  used  to  determine  if  the  nutating  fiber  receiver  concept  could  meet 
the  tracking  system  rejection  requirements.  The  light  incident  onto  the  two-axis  disturbance  FSM  was  a 
uniform  intensity  ~10-mm  diameter  beam.  Simulated  spacecraft  platform  disturbances  as  well  as  sinusoidal 
disturbances  were  introduced  using  the  disturbance  FSM.  The  disturbance  mirrors  had  internal  angular 
position  sensors  so  that  the  disturbance  input  could  be  accurately  determined.  The  reflected  beam  was  then 
directed  onto  a  5-mm  aperture  stop  simulating  the  telescope  aperture  and  then  onto  the  two-axis  tracking 
FSM.  The  focusing  lens  was  sized  to  yield  d/a  =  2.2.  The  signal  was  combined  with  the  LO  using  a  single¬ 
mode  polarization-preserving  3-dB  fiber  coupler.  Both  the  signal  and  LO  lasers  were  30-mW  GaAlAs 
semiconductor  diode  lasers  with  output  wavelengths  of  0.86  |xm.  Using  a  bulk  optics  approach,  -  5  mW  of 
LO  power  was  easily  coupled  into  the  optical  fiber  using  a  collimating  lens,  anamphoric  prism  pair  (to 
circularized  the  beam),  a  Faraday  isolator,  and  a  focusing  lens.  Isolation  issues  are  further  discussed  in  sec¬ 
tion  4.3. 

Azimuth  and  elevation  error  estimates  were  output  from  the  angle  error  detector.  By  measuring  the 
transfer  function  between  the  disturbance  position  sensors  and  the  angle  error  detector  outputs,  both  the 
rejection  and  closed-loop  transfer  functions  were  obtained.  Figure  3-12  shows  the  measured  results.  The 
compensator  was  designed  to  have  a  500-Hz  crossover  frequency.  Its  design  as  well  as  many  of  the  other 
components  are  similar  to  those  described  in  [8].  The  resulting  tracking  system  rejection  is  adequate  to  track 
out  the  angular  disturbances  encountered  on  mary  spacecraft  platforms  to  a  0.05-BW  uncompensated 
tracking  error. 

3.6  ACQUISITION 

The  advantages  of  a  CCD-based  parallel  acquisition  system  over  other  approaches  such  as  scanning  and 
zooming  are  well  known  [35, 36].  Using  commercially  available  CCDs  and  processing  electronics,  we  have 
performance  spatial  acquisition  tests.  A  two-axis  beam  steering  mirror  was  used  to  simulate  the  spatial 
uncertainty  zone.  The  angle  of  incidence  was  stepped  in  a  raster  scan  pattern  over  a  200  BW  x  300  BW  (of 
a  possible  400  B W  x  500  BW)  field-of-view.  At  each  step  the  spatial  acquisition  process  was  performed  and 
the  estimated  incidence  angle  was  compared  to  the  actual  incidence  angle.  At  a  received  (incident)  signal 
power  of  ~3  x  105  p/s  and  with  an  integration  time  of  I  s  the  probability  of  successful  acquisition  was  0.994 
and  the  rms  estimation  error  was  ~0.4  BW.  Note  that  we  expect  with  some  simple  modifications  reliable 
operation  at  lower  signal  powers  will  be  achieved  over  wider  uncertainty  zones. 
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Figure  3-11.  Tracking  system  test  setup 
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Figure  3-12.  Measured  closed-loop  and  rejection  transfer  functions. 
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4.  TRANSMITTER 


4.1  OVERVIEW 

Figure  4-1  shows  our  breadboard  optical  bench  containing  the  transmitter  and  receiver  active  fiber 
couplers,  diplexer,  two-axis  FSM,  and  a  CCD.  One  key  element  required  in  an  actual  system  but  missing  from 
the  breadboard  is  the  gimballed  telescope.  The  optical  bench  has  an  area  of  8  X  12  inches.  No  attempt  was 
made  to  miniaturize  this  bench,  and  it  is  expected  that  when  an  attempt  is  made  that  the  size  may  be  reduced 
by  as  much  as  a  factor  of  2.  Preliminary  testing  has  demonstrated  the  ability  of  this  breadboard  optical  bench 
to  achieve  acquisition,  high  bandwidth  tracking,  transmitter  pointing  stabilization,  and  point-ahead  capabili¬ 
ties.  We  are  presently  working  on  an  upgraded  version  which  will  undergo  more  quantitative  testing. 


Figure  4!  Breadboard  fiber-based  lasercom  optical  bench. 
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4.2  TRANSMITTER  FIBER  COUPLER 


One  of  the  key  elements  in  the  fiber-based  lasercom  system  is  the  transmitter  fiber  coupler.  It  must 
perform  the  boresight  and  point-ahead  functions.  The  design  of  the  transmitter  coupler  is  similar  to  the 
receiver  coupler  in  that  a  fiber  is  held  inside  a  flexural  pivot  which  is  driven  by  linear  electromagnetic 
actuators  and  whose  position  is  sensed  by  “eddy-current”  sensors.  There  are  three  important  differences:  it 
requires  lower  bandwidth,  larger  dynamic  range,  and  higher  positioning  accuracy.  Figure  4-2  shows  a 
photograph  of  the  breadboard  transmitter  fiber  coupler. 


A  bandwidth  of  ~  1 0  Hz  is  more  than  sufficient  to  keep  pace  with  the  rate  of  change  in  the  required  point- 
ahead  angle.  The  dynamic  range  is  dictated  by  that  needed  for  boresight  plus  that  needed  for  point-ahead. 
The  boresight  function  is  required  in  order  to  compensate  for  misalignments  due  to  launch  loads  and  on-orbit 
thermal  and  mechanical  disturbances.  Boresight  is  accomplished  by  either  flipping  a  retroreflector  into  the 
transmitted  beam  after  the  A./4  waveplate  (3,71.  or  by  directing  the  coarse  pointing  device  to  a  retroreflector 
located  external  to  the  optical  system.  The  reflected  light  from  the  retroreflector  (now  with  the  opposite  sense 
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of  polarization)  is  directed  onto  the  receiver  fiber  coupler.  Using  either  direct  detection  or  heterodyne  detec¬ 
tion,  the  transmitter  fiber  coupler  can  be  displaced  until  the  power  into  the  receiver  coupler  is  maximized. 
Due  to  the  close  proximity  of  the  transmitter  and  receiver  fiber  couplers  and  the  short  optical  path  between 
the  couplers,  a  dynamic  range  of  ±  5  BW  should  be  sufficient  to  accomplish  the  boresight  function. 

The  required  point-ahead  angle  is  approximately  equal  to  the  differential  tangential  velocity  between 
the  two  satellites  divided  by  the  speed  of  light  [6,7],  A  point-ahead  angle  of  ~  52  prad  is  sufficient  to  handle 
Earth-to-GEO,  GEO-to-GEO  and  most  LEO-to-GEO  links.  Assuming  an  antenna  beamwidth  of  4  prad,  the 
resulting  dynamic  range  requirement  is  ±13  BW.  Therefore  the  total  required  dynamic  range  is  ±18  BW. 
Assuming  single-mode  0.86-pm  step  index  fiber  operating  with  a  core  radius  of  2.5  pm  andaV-number 
of  2,  then  the  1/e  amplitude  radius  is  af  =  3.175  pm  [12-14],  Assuming  d/a  =  2.2,  then  ±18  BW  corresponds 
to  ±18  (tt/2.2)  af  =  ±  82  pm  of  required  dynamic  range. 

In  order  to  achieve  redundant  laser  transmitters,  it  may  be  desirable  to  have  the  transmitter  fiber  coupler 
hold  more  than  one  fiber  core.  Under  such  circumstances  the  dynamic  range  of  the  transmitter  fiber  coupler 
would  have  to  be  further  increased  to  accommodate  the  core-to-core  separation.  To  minimize  this  separation 
the  excess  cladding  of  each  fiber  could  be  removed  by  polishing,  a  D-core  fiber  could  be  used,  or  multicore 
fibers  could  be  used  [32], 

In  order  to  ensure  that  the  point-ahead  angle  is  accurately  implemented  high  precision  position  sensors 
are  needed  on  the  transmitter  fiber  coupler.  High  dc  stability  is  needed  to  ensure  the  boresight  position  is 
accurately  maintained.  High  precision  and  repeatability  are  also  needed  to  ensure  that  the  proper  point-ahead 
displacement  from  boresight  is  achieved. 

Table  4-1  lists  the  measured  and  estimated  performance  of  our  breadboard  transmitter  fiber  coupler.  We 
are  presently  working  on  an  improved  design  that  will  increase  the  dynamic  range.  This  design  includes 
reducing  the  flexural  stiffness  and  may  also  include  two  pairs  of  actuators  operating  in  push-pull.  The 
estimated  accuracy  of  0.51  pm  rss  corresponds  to  a  contribution  of  ~  0.1 1  BW  to  the  total  pointing  error. 


TABLE  4-1 


Preliminary  Transmitter  Fiber  Coupler  Specifications 


Bandwidth 

>  10  Hz 

Primary  Resonance 

200  Hz 

Dynamic  Range 

±  20  pm 

Power  (Maximum) 

<  1.6  W 

Stability 

<  0.1*  pm/day 

Repeatability 

<  0.5*  pm 

Jitter 

<  0.01*  pm 

Size 

1x1x2  in3 

*  Estimated 
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4.3  TRANSMITTER  MODULE 


The  design  of  the  transmitter  module  is  one  of  the  most  difficult  subassemblies  due  to  the  high  coupling 
efficiency,  low  feedback,  and  redundancy  requirements.  High  coupling  efficiency  is  difficult  to  achieve  due 
to  the  tight  tolerances  on  translation,  focus,  and  tilt  between  the  fiber  facet  and  the  beam  waist  [12,20],  For 
a  single-mode  fiber  at  0.83  p.m,  a  1-dB  coupling  loss  can  result  from  a  1 ,6-p.m  displacement,  a  45-p.m  focus 
error,  or  a  2.2-deg  angular  offset  between  the  fiber  core  and  the  beam  waist.  Although  in  some  cases  the  use 
of  up-tapers  can  help  minimize  alignment  sensitivity,  high  coi  pling  efficiency  is  still  difficult  to  achieve  [21]. 
An  unfortunate  consequence  of  maintaining  high  coupling  efficiency  is  the  associated  high  sensitivity  to 
feedback.  In  order  to  minimize  the  effects  of  feedba^’  ,to  the  transmitter  laser,  over  60  dB  of  isolation  is 
required  [22].  Although  optical  fibers  are  rem„  ,^ie  for  their  low  loss  and  moreover  a  short  length  of  this 
low  loss  fiber  (<  5  m)  is  used,  the  Rayleigh  scattering  and  other  scattering  mechanisms  in  the  core  and  cladding 
dictate  the  need  for  an  optical  isolator  [23-25].  Fresnel  reflections  from  the  input  and  exit  fiber  facets  can 
effectively  be  minimized  by  polishing  the  fiber  facets  on  an  angle  and  AR  coating  [26.  27],  In  the  1.3-  to 
1.55-pm  wavelength  region  efficient  high  performance  compact  isolators  exist  and  are  directly  applicable 
to  this  problem.  In  fact  miniature  laser  modules  are  commercially  available  that  contain  a  laser,  thermal 
electric  cooler,  optical  isolator,  and  fiber  pigtail.  However,  in  the  0.83- pm  region  Faraday  isolators  tend  to 
be  heavy  and  bulky.  This  fact  tends  to  make  a  multiple  isolator  approach  associated  with  laser  redundancy 
less  attractive.  In  our  breadboard,  packaging  issues  and  redundancy  of  a  0.83- |xm  laser  transmitter  module 
have  not  yet  been  addressed.  We  used  a  bulk  optics  approach  containing  a  30-mW  GaAlAs  laser  operating 
at  0.86  gm,  housed  in  a  temperature  controller,  the  output  of  which  was  collimated,  circularized,  and  directed 
through  a  Faraday  isolator  and  focused  into  a  polarization-preserving  optical  fiber  in  the  preliminary 
experiments  discussed  here. 

As  transmitter  powers  become  large  nonlinear  behavior  within  the  fiber  medium  becomes  an  important 
design  consideration.  Nonlinear  effects  can  limit  the  maximum  power  delivered  by  the  optical  fiber, 
contribute  to  optical  feedback,  and  damage  the  optical  fiber.  Typically,  for  narrow  linewidth  lasers,  the 
nonlinear  mechanism  with  the  lowest  threshold  power  is  stimulated  brillouin  scattering  (SBS)  [28-3 1  ].  The 
threshold  power  is  dependent  on  a  number  of  parameters  such  as  fiber  length,  wavelength,  core  diameter,  and 
laser  linewidth.  For  a  13.6-km  length  of  1.3-pm  fiber,  experiments  have  shown  that  SBS  can  limit  the 
maximum  fiber  output  power  to  <  2  mW  [30].  As  shown  in  Figures  4-3  and  4-4  we  have  performed  a  similar 
experiment  at  0.86  pm  on  a  2.2-km  length  of  Coming  Flexcore  850  single-mode  fiber.  Note  that  in  Fig¬ 
ure  4-3  the  input,  reflected,  and  transmitted  power  correspond  to  the  appropriate  values  inside  the  optical 
fiber.  The  theoretical  threshold  power  for  this  configuration  was  ~13  mW.  Note  that  this  value  agrees  well 
with  the  experimental  measurements.  Extrapolating  these  results  to  a  5-m  length  of  polarization  maintaining 
fiber  yields  a  threshold  power  of  1 .5  W.  Until  laser  transmitter  output  powers  exceed  this  value.  SBS  will 
not  be  a  limiting  factor  in  a  fiber-based  transmitter. 
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Figure  4-3.  SBS  measurement  setup 
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Figure  4-4.  SBS  measurements 
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4.4  STRAWMAN  TRANSMITTER  POWER  LOSS  BUDGET 


Table  4-2  contains  a  strawman  transmitter  loss  budget.  Figure  4-5  contains  a  simplified  optical 
schematic  for  the  assumed  transmitter  design.  The  lasers  are  collimated,  circularized  using  anamorphic  prism 
pairs,  sent  through  an  optical  isolator  and  focused  into  a  polarization-preserving  optical  fiber.  Redundancy 
is  provided  by  nesting  the  cores  of  two  (or  more)  fibers  close  together  within  the  transmitter  fiber  coupler. 
Although  this  increases  the  required  dynamic  range  of  the  transmitter  fiber  coupler  by  a  few  beam  widths  over 
that  stated  in  section  4.2,  it  is  more  efficient  than  some  other  alternatives  such  as  using  a  2: 1  fiber  switch. 

The  collimation,  shaping,  and  focusing  throughput  losses  as  well  as  the  signal  phase  distortion  are  based 
on  the  MIT/LL  transmitter  module  [33],  The  isolator  throughput  loss  is  based  on  typical  commercially 
a\  ailable  devices.  The  estimated  spatial  mode  mismatch  loss  is  a  result  of  truncation  losses  in  the  collimation 
lens  and  isolator,  pupil-walk  between  the  laser  and  the  input  fiber  facet,  and  the  fact  that  the  laser  and  fiber 
mode  profiles  are  only  approximately  Gaussian  [12-14.34],  The  bulk  optics  throughput  loss  results  from 
imperfect  AR  coating,  reflection,  and  absorption  between  the  transmitter  fiber  coupler  and  the  optical 
window.  Its  value  is  derived  from  the  LITE  study.  The  obscuration  and  truncation  loss  are  calculated  as  in 
[15-17].  And  finally  the  wavefront  quality  of  A./15,  calculated  as  a  Strehl  ratio,  and  the  beamwalk  are  based 
on  the  LITE  system  [3,7,33], 

Note  that  in  our  breadboard  transmitter  we  have  measured  the  throughput  efficiency  from  the  output 
of  the  laser  to  the  output  of  the  single-mode  fiber  to  be  as  low  as  1 .4  dB.  This  exceeds  the  budgeted  2.0  dB 
in  Table  4-2  by  0.6  dB.  The  30-dB  optical  isolater  was  found  to  provide  marginal  performance,  and  in  future 
designs  we  may  use  two  isolaters  to  provide  >  60  dB.  We  expect  that  in  going  from  a  laboratory  design  to 
a  flight  design  may  use  some  or  all  of  the  0.6  dB  margin. 

The  loss  of  the  strawman  fiber-based  transmitter  (5.6  dB)  is  ~  0.8  dB  higher  than  that  loss  associated 
with  the  bulk  optics  approach  used  in  the  LITE  program  (4.8  dB).  There  are  many  areas  in  which  the  loss 
of  the  fiber-based  transmitter  could  be  improved  upon.  Implicitly  assumed  in  the  strawman  system  shown 
in  Figure  4-3  is  that  the  laser  is  directly  modulated.  One  of  the  advantages  of  the  optical  fiber  approach  is 
that  the  wide  variety  of  optical  fiber  components,  both  active  and  passive,  can  easily  be  incorporated.  For 
instance,  a  fiber  switch  (instead  of  the  multiple  core  technique  to  achieve  redundancy)  followed  by  a  fiber 
pigtailed  external  modulator  and  laser  amplifier  might  be  an  attractive  approach  for  high-speed  high-power 
applications.  This  is  particularly  true  at  1.3  and  1.55  p-m  where  these  are  commercially  available  devices. 
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TABLE  4-2 

Strawman  Transmitter  Power  Loss  Budget 
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5.  CONCLUSION  AND  DISCUSSION 


The  use  of  fiber  optics  within  space-based  lasercom  systems  offers  a  number  of  attractive  features  over 
the  traditional  bulk  optics  approach.  One  of  the  main  advantages  is  the  ability  to  remotely  locate  the 
transmitter  and  receiver  from  the  large  front-end  optics  (i.e.,  telescope  and  FSM).  This  flexibility  can  lead 
to  reduced  size,  weight,  and  stability  requirements  and  allows  a  modular  approach  to  lasercom  system  design. 
For  instance,  the  transmitter  module  design  can  proceed  somewhat  independently  of  the  design  of  the  optical 
bench. 

We  have  addressed,  theoretically  and  experimentally,  a  number  of  key  areas  of  a  fiber-based  lasercom 
system.  Strawman  tracking,  receiver,  and  transmission  budgets  were  presented.  Experimental  verification 
of  a  nutating  fiber  receiver  was  presented.  Over  1  kHz  of  closed-loop  bandwidth  was  demonstrated  and 
supplied  sufficient  rejection  to  stabilize  the  line-of-sight  disturbances  encountered  on  typical  host  platforms. 
The  receiver  utilized  a  resonant  fiber  coupler  to  perform  the  nutation  function.  Theoretical  expressions 
describing  communication  and  tracking  performance  on  nutating  depth  and  relative  signal  beam  diameter 
were  derived.  A  wide  dynamic  range  transmitter  fiber  coupler  was  also  constructed  and  tested.  The  receiver 
and  transmitter  components  were  then  combined  in  a  breadboard  duplex  fiber-based  lasercom  system  and 
occupied  an  area  of  <  8  X  12  inches.  It  is  expected  that  with  only  modest  effort  this  could  be  reduced  by  as 
much  as  a  factor  of  2.  Acquisition,  tracking,  pointing,  and  point-ahead  functions  were  qualitatively  demon¬ 
strated. 

A  number  of  key  issues  and  the  collection  of  more  quantitative  data  remain.  For  instance,  illumination 
of  the  uncertainty  zone  during  spatial  acquisition  and  achieving  the  large  (>80  dB)  transmitter-to-CCD 
optical  isolation  during  acquisition  need  to  be  addressed.  In  spite  of  the  outstanding  issues,  this  work  indicates 
that  in  the  next  generation  of  free-space  lasercom  systems  fiber  optics  may  play  a  strong  role. 
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APPENDIX 


In  this  section  we  will  derive  the  equations  describing  the  communication  and  tracking  performance  as 
a  function  of  nutation  depth  and  signal  beam  diameter.  It  is  well  known  that  the  mode  profile  inside  a  single¬ 
mode  optical  fiber  is  well  approximated  as  Gaussian.  Ignoring  the  slight  ellipticity  that  is  encountered  with 
polarization-preserving  fibers,  the  fiber  mode  profile  (F)  after  transformation  by  the  focusing  lens  is 
represented  by 


exp[  -  (^2  -  j  —  r  <j>  (cos(0)cos((ot)  +  sin(0)sin(o)t))  ] 


where  a  is  the  effective  1/e  amplitude  radius  of  the  fiber  mode  profile  after  transformation  by  the  focusing 
lens,  f  is  the  focusing  lens  focal  length.  crf  is  the  fiber  1/e  amplitude  radius,  r  and  0  represent  the  standard  polar 
spatial  coordinates,  <{>  is  the  nutation  radius,  and  to  is  the  nutation  frequency,  anr.  t  is  time. 

The  amplitude  distribution  of  the  signal  field  at  the  input  of  the  focusing  lens  for  plane  wave  and 
Gaussian  fields  are  represented  by 


—  circ (—)  expt  j  —  r  (  A  cos(0)  +  E  sin(0) )  ]  Plane  Wave 
2  d  X 


s  =  exp  [  -  (-^-)2  +  j  ~-(  A  cos(0)  +  E  sin(0))  ]  Gaussian 


where  Ps  is  the  optical  signal  power,  d  is  the  diameter  of  the  signal  field  for  the  plane  wave  case.  cts  is  the 
1/e  amplitude  radius  of  the  signal  field  for  the  Gaussian  case,  and  A  and  E  are  the  azimuth  and  elevation 
tracking  errors. 

The  coupling  profile  into  the  optical  fiber  is  calculated  from 


ZIt  oo 

C(A,E,<j>)  =  Jd0  Jdr  r  F(r,0,<|>)  S(r,0) 


Inserting  the  expressions  for  the  fiber  and  signal  mode  profiles  yields 


C(A,E,<j>)  =  JWS  4-  jdx  x  exp[-(^)2]  J0[  ^ 1  Plane  Wave 


C(A,E,<|»  =  JF~S 


2oos  _ r  (A-(()cos((ot))  +  (E-<j>sin(tot))  ) , 

p[  avui:  1 

71  O2  0? 


Gaussian 


Assuming  the  polarization  of  the  light  coupled  into  the  optical  fiber  is  aligned  to  the  LO  polarization  and  that 
the  mode  profiles  of  the  signal  and  LO  are  the  same,  an  expression  describing  the  normalized  signal  out  of 
the  balanced  receiver  is  given  by 


r  =  72  C(A,E,<)))  cos(oiift)  +  w(t) 


l 


where  a>jf  is  the  heterodyne  i.f.  frequency,  w(t)  is  the  additive  white  Gaussian  shot  noise,  and  S  w(f)  is  the 
double-sided  spectral  density  of  w(t). 


In  order  to  obtain  simplified  expressions  describing  communication  and  tracking  performance  we  will 
linearize  C(A,E,  <J>).  In  particular,  for  small  tracking  errors 


C(A,E,0)  -  C(0,0,( 


.  aC(A,E,<J)) 

+  A— 5a — 


'a=e=o 


^dC(A,E,<|» 

+  E — 51 — 


'A=E=0 


Taking  advantage  of  the  symmetry  between  the  azimuth  and  elevation  channels  the  above  expression  can  be 
rewritten  as 


C(A,E,<|>)  =  m(<|>)  +  72  A  K(<j>)  cos(cot)  +  72  E  K(0)  sin(tot) 
For  the  plane  wave  case 

m(<t>)  =  J2FS  Jdx  x  exp[- 

0  7 


1 

x2  expl  '(Ia)2i  Ji 
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For  the  Gaussian  case 


m(<t>)  =  JK  -  2f—  T  exPl  -  ^ 


O2  +  o? 


(  1  ,  1  \ 
‘S’  (?V 
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As  indicated  in  Figures  3-1  and  3-3,  the  output  of  the  balanced  receiver,  r,  is  split  into  two  paths;  one 
to  the  communication  system  and  one  to  the  tracking  system.  For  small  tracking  errors,  the  communication 
performance  will  be  dependent  only  on  m(4)).  The  tracking  performance  is  dependent  on  the  particular 
processing  used  to  derive  the  angular  error  estimates.  In  an  ideal  nutating  tracker  receiver,  the  tracking  error 
estimates  would  be  derived  from  coherent  demodulation  of  both  the  heterodyne  i.f.  frequency  (oo|f)  and  the 
nutation  frequency  (w).  However,  in  most  coherent  lasercom  systems  this  is  very  difficult  due  to  the  low 
received  signal  powers.  One  approach  to  derive  angle  error  estimates  is  to  incoherently  detect  the  output  of 
the  balanced  receiver  using  a  square-law  detector.  If  the  output  of  the  balanced  receiver  is  approximately 
given  by 

r  =  (m(«J>)  +  K(«(>)A-/2  cos(G)t)  +  K(<f>)&/2  sin(0)t))-/T cos(to.ft)  +  w(t) 

If  this  signal  is  bandpass  filtered  around  f.f  square-law  detected,  and  low-pass  filtered  to  remove  the  double 
frequency  terms,  the  resulting  signal  s  is  given  by 

s  =  m(<J>)2  +  2m(<t>)K(<J>)A-/Tcos(a>t)  +  2m(<$))K(<{>)E/2  sin(oot)  +  n(t) 


approximately  by 

Sn(f)  =  4nl(|,)2^.+  4(^-)2W 

and  W  is  the  bandwidth  of  the  i.f.  filter.  To  derive  an  estimate  of  the  azimuth  tracking  error  s  is  demodulated 
and  normalized  to  yield 

rs/2  cos(tot),  a  , 

1Tm(0)KW1^~A  +  n(1) 

The  resulting  (single-sided)  noise  equivalent  spectral  density  of  n  (t),  which  in  [8]  is  referred  to  as  the  noise 
equivalent  spectral  density  (NESD),  is  given  by 


NESD  = 


- 1 -  [  1  +  J - W — ] 

rjK«}>)2  2  rjm(0)2 


The  noise  induced  tracking  error  or  noise  equivalent  angle  (NEA)  is  related  to  the  NESD  by  (8] 


NEA  =  VNESDNEB 

where  NEB  is  the  noise  equivalent  bandwidth  of  the  tracking  loop. 
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recognized.  The  current  generation  of  Bpaceborne  optical  communication  systems  relies  on  the  use  of  bulk 
optics  rigidly  mounted  to  an  optical  bench  to  get  light  from  the  optical  sources  to  the  exit  aperture  or 
from  the  entrance  aperture  to  the  optical  receiver.  These  designs  are  all  very  sensitive  to  thermal  and 
mechanical  perturbations  as  well  as  to  the  detailed  dynamic  characteristics  of  the  host  spacecraft.  Optical 
fibers  can  provide  the  means  to  remotely  locate  the  transmitter  lasers,  local  oscillator  (LO)  lasers  (in  the 
case  of  a  coherent  system),  and  the  receiver  from  the  front-end  optics.  This  allows  flexibility  in  the 
mechanical  design  which  can  reduce  the  size,  weight,  and  stability  requirements  of  the  overall  system. 

This  paper  presents  an  overview  of  a  fiber-based  free-space  lasercom  system  and  contrasts  this 
proposed  technology  to  the  present  technology.  Detailed  design  considerations  concerning  the  issues  of 
pointing,  tracking,  and  receiver  communication  performance  are  presented.  Other  key  areas  such  as 
efficient  source-to-fiber  coupling,  isolation,  transmitter  power  limitations,  and  acquisition  are  highlighted. 
Preliminary  experimental  results  of  our  breadboard  fiber-based  coherent  optical  communication  system 
are  also  presented. 


14.  SUBJECT  TERMS 
spatial  tracking 
optical  communication 
intersatellite  optical  links 


17.  SECURITY  CLASSIFICATION 
OF  REPORT 

Unclassified 


fiber  optics 
precision  pointing 


16.  SECURITY  CLASSIFICATION 
OF  THIS  PAGE 

Unclassified 


19.  SECURITY  CLASSIFICATION 
OF  ABSTRACT 

Unclassified 


15.  NUMBER  OF  PAGES 
52 


16.  PRICE  CODE 


20.  LIMITATION  OF 
ABSTRACT 


NSN  7540-01-280-5500 


Standard  Form  298  (Rav.  2-89) 
Prescribed  by  AMSl  Std.  239-18 
298-102 


